Abstract: A novel package structure has been developed to fabricate quantum-dot (QD) white light-emitting diodes (WLEDs) by dispersing QDs into the backlight lens and integrating them with blue light-emitting diode to form white light. For this in-lens encapsulation structure, the luminous efficiency and lifetime of QD-WLEDs can reach 90 lm/W and 1000 h, which is 25 times longer than that of QD-WLEDs with on-chip encapsulation structure. Furthermore, a 32-inch prototype liquid crystal display TV shows a wide color gamut of 108% under the National Television Systems Committee standard with this in-lens encapsulation structure. The improvement performance should be attributed to providing a hermetic encapsulation environment preventing oxygen and water from reacting with the QDs and reducing the temperature of QDs due to in-lens package structure. Our results demonstrate that the in-lens solution can be a promising application in display backlight.
Introduction
Quantum dots (QDs) have shown great potential for next-generation displays owing to their unique properties such as high photoluminescence quantum yield, size-tunable emission wavelength, and narrow emission full width at half maximum (FWHM) [1] - [3] . As an advanced technology in this field, the QD backlight uses the blue light to excite green and red QDs, generating a white light with three well-separated red/green/blue (RGB) emitting peaks. Therefore, three highly saturated primary colors could be obtained, leading to a more realistic image quality [4] , [5] . But the particle size of QDs is between 1∼10 nm and the surface-area-to-volume ratio is very large, oxygen and water vapor can easily destroy the surface of the QDs, causing the fluorescence quenching, so it is more significant to provide a hermetic encapsulation method for QD backlight. Presently, there are three kinds of methods for encapsulating QDs in the liquid crystal display (LCD) backlight units [6] , [7] : the phosphors are directly replaced by the QDs with the blue chip package named as "on-chip", the QDs are placed between the blue light-emitting diode (LED) and light guide plate named as "on edge", or as the QDs film on the top of light guide plate named as "on surface". In general, Because of high reliability and mature production process, the last two methods are the main encapsulation forms for QD backlight. However, compared with "on-chip", the QDs material consumption of "on-edge" or "on-surface" backlight is larger, causing higher cost and requirement of production capacity. "On-chip" solution seems to be attractive in terms of cost and compatible with the existing LCD backlight technology. But the "on-chip" encapsulation structure is with higher LED junction temperature and stronger photon flux, resulting in a serious decrease of luminous efficiency (LE) and easy being affected by water vapor and oxygen [8] . Meanwhile, these quantum-dot white light-emitting diodes (QD-WLEDs) usually suffer from short life-span in the normal operation mainly due to the degradation of the QDs materials from excitation light, heat, oxidation or the self-aggregation [9] , [10] . To overcome this issue, various methods have been proposed to protect these QDs, such as multiple-shell structure [11] - [13] , Multiple-Layer [14] , atomic layer deposition (ALD) [15] - [17] , or liquid-type package [18] . Yoon et al. present matrixfree methods for fabricating highly luminescent and transparent CdSe/ZnS quantum dot/polymer nanocomposites utilizing poly(methyl methacrylate) (PMMA) -grafted QDs with various molecular weights to reduce the self-aggregation of QDs [19] . Wei et al. reported a method for enhancing the stability of perovskite QDs by encapsulation in crosslinked polystyrene beads via a swellingshrinking strategy toward superior water resistance [20] . Among them, most research have focused on improving the stability of QDs materials, but fewer reports on providing a hermetic encapsulation structure for QDs. Hence, it's still a challenge to study a high stability and facile package method for QDs material. In this paper, a new QDs encapsulation structure has been demonstrated as high stability, low cost, and with wide gamut of 108% under the National Television System Committee (NTSC) for LCD backlight, indicating its great potential application in display backlight.
Experimental Details
Commercially available blue-emitting InGaN LED chips (Hongli Zhihui Group Co., Ltd.) were used as an excitation source emitting at 440 nm. Red and green QDs were supplied by Guangdong Poly Optoelectronics Co., Ltd. During the sample preparation, two types of QD-WLEDs were fabricated for comparison: one was a traditional "on-chip" type (as a control sample) and the other was a "in-lens" type. In the whole fabrication process, the blend weight ratio of green, red QDs and polyurethane (PU) remained the same and the volume of the QDs/PU composition was tuned to obtain the similar emission spectra for in-lens and on-chip QD-WLEDs. The optimum blend weight ratio of green, red QDs and PU was 6:1:400. The corresponding volume of QDs/PU composition for the in-lens and on-chip QD-WLEDs was 200 and 90 µl, respectively. Figure 1 (a) shows the structure of the traditional on-chip QD-WLED. The red and green QDs were mixed with PU composites and then dispensed into the cup-shaped voids of blue LED chips, followed by curing at 90°C for 1 h in glove-boxes with nitrogen. Figure 1 (b) indicates the structure of the in-lens encapsulation method. The procedure was as follows: TV lens were used as the QDs package carrier, which were supplied by Hongli Zhihui Group Co., Ltd. The red and green QDs were mixed PU and filled into the hole of TV lens, subsequently curing 90°C for 1h in glove-box with nitrogen. Then, silicone was dip-coated into the cup-shaped voids of blue LED chips and heated at 150°C for 2 h under air. Finally, the ultraviolet curable polymer was coated onto the blue LED to combine the TV lens and blue LED, resulting in effectively preventing water and oxygen from diffusing into the QD composites. The photograph images of the on-chip and in-lens QD-WLEDs are shown in Fig. 1(c) , where the QDs composite layer is on the chip and in the lens, respectively.
As for QDs characterization, we used the Ocean Optics fiber optical spectrometer (Maya 2000 Pro) and the HP8453A spectrophotometer to measure the photoluminescence (PL) spectrum and UV-visible absorption spectrum, respectively. Figure 2 shows the PL spectra and absorption spectra of the green and red QDs dissolved in toluene which is used in this study. The inset of Figure 2 shows the photograph of the corresponding QDs solution. The surface stabilizers of the QDs were oleic acid (OA) and the concentration of red and green QDs was 30 mg/ml and 50 mg/ml, respectively. The PL peak of red and green QDs were respectively located at 624 nm and 520 nm with less than 30 nm FWHM for the emission spectrum. Moreover, the photoluminescence quantum yield (PLQY) of red and green QDs were 86.7% and 80% according to the vendor's product report, respectively. The optoelectronic properties of the samples were carried out by HASS-2000 LED comprehensive test instrument (Everfine Co.) at room temperature. Figure 3(a) and (b) show the emission spectra of the traditional on-chip and the in-lens QD-WLEDs under the different driving currents from 20 mA to 300 mA, respectively. All the measurements were performed in a calibrated integrated sphere. The emission intensity of the two types of devices increase with the operating current increase of the blue LED chip. It is clearly seen that the as- fabricated two types of devices both exhibit RGB pure color emission. The luminous efficiency (LE) of the QD-WLEDs by the in-lens encapsulation structure is higher than the traditional on-chip encapsulation structure (as shown in Fig. 3(c) ). This approximately 23% improvement of LE may be attributed to this remote fluorescence encapsulation structure due to reducing the absorption of fluorescence emitted by QDs by the LED chip [21] .
Results and Discussion
The stabilities of color and luminance of the QD-WLEDs are quite important for display backlight. Figure 4 shows the variation of LE and emission spectra of QD-WLEDs based on the on-chip and in-lens package structures under the constant current stress of 20 mA. It can be seen from Figure 4 (a) that the in-lens encapsulation structure has a better stable performance. The initial LE of QD-WLEDs increased from 66.1 lm/W for the on-chip to 78.6 lm/W for the in-lens. Interestingly, The LE of the in-lens QD-WLED increased from 78.6 lm/W to the maximum of 95.5 lm/W after 31 h and then slowly reduced. After stress for more than 400 h, the LE of the in-lens QD-WLED remained 90 percent of initial value and reduced 50 percent of initial value after 1000 h. In this study, the lifetime of QD-WLED is defined as the operating time when the LE decay to 50 percent of the initial LE value. At the time, the LE of the on-chip QD-WLED may increased from 66.1 lm/W to the maximum of 70.3 lm/W after 1.5 h and then quickly decreased to half an initial value after 43 h. This phenomenon can be ascribed to "photoactivation" leading to the luminescence enhancement during the initial QDs being irradiated by light [22] . The in-lens encapsulation structure can provide a hermetic environment by the combination of TV lens and LED holder (as shown in Fig. 1(b) ), thus enhancing the photoactivation time and preventing oxygen or moisture from reacting with the QDs. As a result, the in-lens QD-WLED exhibited higher LE and better stability than the on-chip QD-WLED. After the longtime light exciting, the luminescence decay of QD-WLEDs is due to the heat and photo energy produced by the blue LED or oxygen and moisture reacting the QDs, which degrades the QDs materials luminescence [23] . Figure 4 (b) and (c) plot the emission spectra of the on-chip and in-lens QD-WLEDs at the different operating time. As the operating time increased, the emission intensity of green and red QDs relative to blue chip both reduced for the on-chip encapsulation. However, the reduce of green QDs was more quickly than red QDs as the operating time increased. As a result, the Commision Internationale de L'Eclairage (CIE) coordinates of the on-chip QD-WLED varied from (0.308,0.234) to (0.254,0.112) after 67 h while that of the in-lens QD-WLED almost had no change after the current stress of 415 h. This indicates the in-lens QD-WLED may facilitate a more stable display backlight.
To further investigate the improvement stability of the in-lens QD-WLED, the surface temperature distribution of QD-WLEDs was tested by infrared thermal imager (Fluke Ti55FT infrared camera). The surface emissivity of the blue chip, QDs/PU, and lens were 0.92, 0.93, and 0.97, which was calibrated by using a thermocouple. Figure 5 (a) shows pure blue LED had a surface temperature of 46.9°C. For the on-chip QD-WLED, the surface temperature reached 81.7°C (as shown in Fig. 5(b) ). This high surface temperature should be attributed to the self-heat effect of QD caused by quantum energy loss and Stocks energy loss during the color conversion process [24] - [26] . However, it can be found from Fig. 5(c) that the in-lens QD-WLED exhibited lower surface temperature than on-chip QD-WLED due to the remote QDs coating [27] . The low surface temperature distribution is in consistence with better device performance of the in-lens QD-WLED.
To further compare the luminescence characteristics of two kinds of quantum dot encapsulation structures, light distribution curves of QD-WLEDs were measured by LED 620 Goniophotometer (Everfine Co.). As shown in Fig. 6 , the light intensity distribution of on-chip QD-WLED with TV lens focused in the range of 60-90 angles. However, the light intensity distribution of in-lens QD-WLED occurred in the range of 30-90 angles. This result indicated the in-lens encapsulation structure exhibited a more uniform light distribution. This improvement could be due to red and green QDs encapsulated in the groove of the lens excited by blue light from the blue chip, thus emitting red and green light in all directions of inner surface of TV lens. As a result, this in-lens package method can achieve high stability and uniform light distribution, which is important for QDs backlight application.
The in-lens QD-WLED were utilized to prepare a direct type backlight module. First, blue LEDs were installed on aluminum substrates by the reflow soldering process to form LED light bar, and then the connection between TV lens with red and green QDs/PU composites and blue LEDs was bonded by the ultraviolet-curable adhesives to finish the in-lens QD-WLED backlit module. Commercially available 32-inch LCD TV was used as a color gamut backlight application only by replacing the phosphor-converted WLED backlight module with the in-lens QD-WLED backlight module. Figure 7(a) shows the photograph of direct type backlight module based on in-lens QD-WLED. Comparing the display quality of the LCD TVs based on two different backlight modules, the LCD TV with in-lens QD-WLED backlight exhibited a more realistic display effect (Figure 7b) . Figure 8 shows the RGB emission spectra of the two LCD TVs measured with the fiber optical spectrometer at the single-color light. Compared with the phosphors-converted WLED, the green and red emission spectrum of LCD from in-lens QD-WLED backlight significantly became narrower, which indicates more purer green and red light. As a consequence, the in-lens QD-WLED backlight 
Conclusion
In this study, we showed a novel QDs encapsulation structure by dip-coating red and green QDs/PU composites into TV lens and integrating them with a blue LED to form white light. The in-lens QD-WLED showed the luminous efficiency of 90 lm/W and lifetime of 1000 h, far higher than lifetime of on-chip QD-WLED. The in-lens encapsulation method shows high stability, low cost, and easy fabrication. This result indicates that the in-lens package method will have a promising application for QD backlight field.
